In numerous in vivo systems it has been shown that diets high in menhaden oil (a fish oil high in .-3 fatty acids) can inhibit the carcinogenic process. In the present study, we have assessed the effects of a diet containing menhaden oil on 2-amino-3-methylimidazo[4,5-f]quinoline (IQ)-DNA adduct formation in target tissues of the male Fischer 344 rat. Young adult male Fischer 344 rats were maintained on either a) an AIN-76A diet containing 5% corn oil, b) an isocaloric AIN-76A diet modified to contain 2% corn oil and 19% menhaden oil (MO diet), or c) a regular laboratory rodent diet (chow diet) for 6 weeks prior to receiving a single oral dose of 10 or 50 mg IQ/kg. Groups of four animals were killed 1 or 6 days after IQ administration. Using 32P-postlabeling assays, IQ-DNA adducts were isolated and quantitated in the liver, small intestine, and large intestine. Adduct patterns were similar in all cases. Adduct levels, expressed as relative adduct labeling values (RAL x 107), were related to dose in all three tissues, with liver levels up to 1 0-fold higher than the large intestine and up to 20-fold higher than the small intestine. On day one, liver adduct levels in animals on the AIN-76A diet were similar to those in animals on the chow diet, but those in animals on the MO diet were approximately 2-fold lower. On day six, these differences were much lower, probably as a result of the more efficient removal of liver adducts in animals on AIN-76A or chow diets. In the intestines, removal of adducts in animals on either AIN-76A or MO diet was slower than that in the liver, while that in animals on the chow diet was similar to that in the liver. While dietary MO is generally thought to inhibit experimental tumorigenesis at the promotional stage, the present results show that MO diets may also inhibit the initiation process by inhibiting the initial rate of IQ-DNA adduct formation. It also appears, however, that MO diets may impair the process of adduct removal. -Environ Health Perspect 1 02 (Suppl 6:57-60 (1994) 
Introduction
2-Amino-3-methylimidazo [4,5-f] quinoline (IQ) is a potent mutagenic compound which was first isolated from broiled sundried sardines (1) . It is also one of several aminoimidazoazaarenes that can be isolated from cooked meat (2) . IQ is carcinogenic in Fischer 344 rats, affecting principally the Zymbal gland, liver, small and large intestine, and in CDF1 mice where it affects the liver, lungs, and forestomach (3) . In addition, IQ induces mammary tumors in female Sprague-Dawley rats (4) and hepatocellular carcinoma in cynomolgus monkeys (5) .
IQ is activated to N-hydroxy-IQ, a reaction catalyzed by cytochrome P4501A2 in animal cells (6) as well as in human cells (7) . N-Hydroxy-IQ (N-OH-IQ) reacts with DNA in vitro to yield DNA adducts (8, 9) , but in the cell, various esterification reactions are thought to cause further enhancement of its reactivity (8, 10) . Using 32p-postlabeling methodology, we have isolated and quantitated specific IQ-DNA adducts formed in Salmonella after exposure of the bacteria to IQ in the presence of an activating system and in various organs of the Fischer 344 rat, CDF1 mouse, and cynomolgus monkey after administration of IQ in vivo (11) (12) (13) (14) . In each case the adduct pattern was identical to that obtained after reaction of N-OH-IQ with calf thymus DNA and the major adduct (adduct 1) cochromatographed with synthetic standard N-(deoxyguanosin-8-yl)-IQ (11 and large intestine (C) of a male Fischer 344 rat maintained on a regular pelleted rodent chow diet. The animal was treated with a single oral dose of 50 mg IQ/kg using dimethyl sulfoxide-0.05 M sodium phosphate (1:4) as the vehicle (1 ml/animal). The adduct pattern is identical to that observed before (14) , adduct 1 being the 3,[32P15-bisphosphate of N-(deoxyguanosin-8-yl)-IQ ( 11) . 32P-Postlabeling assays were run under intensification conditions. Chromatograms were exposed to X-ray film for 1 hr (A) or 19 hr (Band C); or, origin. 0. 1 15% (w/w) Kodak 5-67 (containing 67.2% a-tocopherol, and 0.31% (w/w) Tenox GT-1 (containing 30-32% y-tocopherol, 7 .5% a-tocopherol, and 7.5% 6-tocopherol). Powdered AIN-76A diet, which contains 5% corn oil, was the control diet. All diets were prepared in the laboratory, purchasing ingredients from Teklad Test Diets (Madison, WI). Prior to mixing the AIN-76A diet, the three antioxidant preparations (Tenox 20A, Kodak 5-67, and Tenox GT-1) were mixed with the corn oil component such that their final concentration per kg diet was the same as in the MO diet. The MO diet was similar to the AIN-76A diet except that it contained 19% MO and 2% corn oil (a source of linoleic acid). The extra calories introduced when 19% MO and 2% corn oil were added to the powdered AIN-76A diet instead of the 5% corn oil were compensated by a corresponding caloric reduction in the carbohydrate (sucrose) content. Diet components were kept at room temperature, except for the antioxidants, corn oil, and AIN-76A vitamin mix, which were kept at 4°C. MO and prepared diets were stored at -20°C in air-tight containers of 0.5 to 1.0 kg each. Animals received fresh food (AIN-76A and MO diet) every third day. It has been shown that, without added antioxidants, MO diets auto-oxidize rapidly (17) , but that in the presence of the above antioxidants MO diets are stable at room temperature for at least 8 days when protected from direct light through the use of bonnets covering the animals' cages (18) .
After 6 weeks on the experimental diets, the animals (four rats/dose/time point) received a single oral dose of IQ (10 or 50 mg/kg). One or 6 days thereafter the animals were killed by CO2 asphyxiation. The liver from each rat was chopped into small pieces (<2 mm ) and a random sample of approximately 0.5 g was taken for DNA isolation. The small and large intestine were removed, cut open, and rinsed with phosphate-buffered saline containing 1 mM EDTA to remove their contents. The epithelial layer was then scraped off, and a 0.5-g aliquot was used for isolation of DNA, using a modification of the direct salt precipitation procedure (19) as described before (20) . DNA was quantitated by measuring the absorbence at 260 mm using a value of 20 A260 absorbence units/mg DNA.
IQ-DNA adducts were isolated by 32p-posdabeling, using the intensification version of the assay as described before (14) . The extent of adduct formation was expressed as relative adduct labeling (RAL) values, which were calculated by dividing the counts per minute (cpm) per adduct by the sum of the cpm in the adduct and the normal nucleotides, making adjustments for dilution and aliquot factors. <RAL> values obtained under intensification conditions were converted to the actual RAL values using the previously determined intensification factors for each adduct (12) .
Analysis of variance was used to test for the effect of diet on RAL values and Duncan's multiple range test was used to test for differences between the individual diets.
Results and Discussion
The IQ-DNA adduct pattern obtained was similar in all three tissues ( Figure 1 ) and was identical to that observed earlier in similarly treated Fischer 344 rats (14) . The pattern was independent of the diet and organs from vehicle-treated animals showed no IQ-related adducts (data not shown). Adduct formation was dosedependent in all three organs ( Figures  2-4) , and hepatic adduct levels measured 1 day after IQ administration to animals on either the AIN-76A diet or the regular chow diet were 8-to 11-fold higher than in the large intestine and 14-fold to more than 50-fold higher than in the small intestine (Figures 2-4) . These data are in agreement with our previous findings (14) .
In the liver of animals on the AIN-76A diet, adduct levels measured 1 day after IQ administration were similar to those in animals on the regular chow diet (Figure 2) . This also applied both to the small intestine ( Figure 3 ) and large intestine (Figure 4 ). It should be emphasized that adduct levels in the intestines represent minimal values, as no attempt was made in these studies to correct for differences in cell turnover rates.
Feeding rats a 19% MO diet reduced hepatic IQ-DNA adduct formation on day one to approximately half that observed with the other diets ( Figure 2 ). This effect was not apparent in the intestines ( Figures  3,4) . In the small intestine, however, adduct levels measured 1 day after a dose of 10 mg IQ/kg were higher in animals on AIN-76A diet than in animals on the other diets ( Figure 3 ). Such a difference was not apparent at the 50 mg/kg dose ( Figure 3 rates of cellular uptake of w-3 fatty acids (or other fish oil components) between the organs, or may result from effects of wo-3 fatty acids on IQ-activating enzymes such as cytochrome P450 or esterases. Fish oil is known to exert specific and profound effects on triglyceride formation and secretion by the liver (21), but the relationship of this effect to carcinogen activation is not known. While w-3 fatty acids are not considered essential fatty acids, except perhaps in the brain and retina (22) , it is interesting to note that o-3 fatty acids in fish oil can markedly depress both the A6 and A9 microsomal desaturases (23) , which are enzymes involved in the generation of precursors such as arachidonic acid for prostaglandin and leukotriene formation. Prostaglandin H synthase (PHS) is an endoperoxidase that catalyzes the initial steps leading to the biosynthesis of prostaglandins. PHS converts arachidonic acid to prostaglandin H2 and concomitantly generates an activated form of oxygen. Accordingly, a number of studies have shown that PHS can mediate arachidonic acid-dependent, one-electron co-oxidation of several classes of compounds, including polycyclic aromatic hydrocarbons and aromatic amines (24) . In view of the finding that IQ can be activated, at least in vitro, by PHS-mediated one-electron oxidation (25, 26) , it appears possible that fish oil may suppress this activation pathway, thereby reducing adduct formation. known to what extent the PHS-mediated pathway of IQ activation is active in vivo.
In general, high-fat diets increase the activity of hepatic mixed function oxidases (cytochrome P450), leading to increased rates of in vitro carcinogen metabolism and, in some cases, to increased DNA adduct formation (27) . Dietary fish oil induces certain forms of microsomal cytochrome P450 but leaves others unaffected (28) (29) (30) (31) . The effect of fish oil diets on cytochrome P4501A2, the isozyme catalyzing the formation of N-OH-IQ from IQ (6), is not known, nor are its effects on esterification enzymes or on other P450 isozymes that may be involved in the detoxification of IQ. It appears possible, however, that the o-3 fatty acids, when incorporated into hepatic microsomal phospholipids (30) , may either inhibit the synthesis of cytochrome P4501A2 or adversely affect its catalytic activity, resulting in reduced adduct formation. The 19% MO diet did not affect the relative distribution of the individual IQ-DNA adducts (data not shown), which is in accordance with our finding that the formation of all of the IQ-DNA adducts depends on the cytochrome P450-catalyzed N-hydroxylation of IQ (6, 11) .
In rats on the regular chow diet, removal of adducts during the 6-day period following IQ administration was slower in the liver than in the intestines, especially at the 50 mg/kg dose ( Figure 2 , Table 1 ), confirming our previous findings (14) . With the other two diets, however, the reverse applies (Table 1) , which is possibly a reflection of diet-related effects on intestinal cell turnover rates or on activity of repair enzymes. Interdiet differences in adduct removal rates in the three organs were most prominent at the 10 mg/kg dose, and the largest differences were between AIN-76A and 19% MO diet on the one hand and regular chow diet on the other hand. At the Our results show that it is possible that dietary 0o-3 fatty acids derived from MO inhibit both carcinogen-DNA adduct formation and removal, and that these processes are organ specific. The co-3 fatty acids may also inhibit the process of neoplastic transformation. Cultured C3H 10T1/2 or NIH 3T3 cells transfected with plasmid T24 containing the H-ras oncogene exhibited decreased transformed foci formation after the addition of 100 pM eicosapentaenoic acid or docosahexaenoic acid to the medium (34) . Therefore, dietary w-3 fatty acids may exert beneficial preventive effects through multiple mechanisms. 
